Duchenne muscular dystrophy (DMD) is the most severe form of muscular dystrophy affecting 1 in 3500 live male births. Although there is no cure for DMD, therapeutic strategies aimed at enhancing calcineurin signalling and promoting the slow fibre phenotype have shown promise in mdx mice, which is the classical mouse model for DMD. Sarcolipin (SLN) is a small protein that regulates the sarco(endo)plasmic reticulum Ca 2+ -ATPase pump and its expression is highly upregulated in dystrophic skeletal muscle. We have recently shown that SLN in skeletal muscle amplifies calcineurin signalling thereby increasing myofibre size and the slow fibre phenotype. Therefore, in the present study we sought to determine the physiological impact of genetic Sln deletion in mdx mice, particularly on calcineurin signalling, fibre-type distribution and size and dystrophic pathology. We generated an mdx/Sln-null (mdx/Sln KO ) mouse colony and hypothesized that the soleus and diaphragm muscles from these mice would display blunted calcineurin signalling, smaller myofibre sizes, an increased proportion of fast fibres and worsened dystrophic pathology compared with mdx mice. Our results show that calcineurin signalling was impaired in mdx/Sln KO mice as indicated by reductions in utrophin, stabilin-2 and calcineurin expression. In addition, mdx/Sln KO muscles contained smaller myofibres, exhibited a slow-to-fast fibre-type switch that corresponded with reduced expression of mitochondrial proteins and displayed a worsened dystrophic pathology compared with mdx muscles. Altogether, our findings demonstrate a critical role for SLN upregulation in dystrophic muscles and suggest that SLN can be viewed as a potential therapeutic target.
Introduction
Duchenne muscular dystrophy (DMD) is an X-linked recessive muscle wasting disorder affecting 1 in 3500 live male births (1) . Currently, there is no cure for DMD and most therapeutic strategies aim to improve quality of life while slowing disease trajectory. Calcineurin, a serine/threonine Ca 2+ -dependent phosphatase, has emerged as a therapeutic target as studies using mdx mice, the classical DMD mouse model (2) , demonstrate that enhancing calcineurin signalling alleviates the dystrophic phenotype (3) (4) (5) (6) (7) (8) (9) (10) . Specifically, calcineurin positively impacts muscular dystrophy in a multifactorial manner including an increase in the slow twitch type I fibres that are less prone to the dystrophic phenotype (11, 12) , an increase in utrophin expression that enhances sarcolemmal membrane stability (3, 4, 9, (13) (14) (15) (16) and an increase in the muscles' regenerative capacity (8, (17) (18) (19) (20) (21) . Furthermore, calcineurin may also alleviate the dystrophic phenotype by increasing myofibre size (22) , however, there are some discrepant results regarding calcineurin's role in regulating muscle mass (23) (24) (25) (26) (27) (28) .
We have recently shown that sarcolipin (SLN), a regulator of the sarco(endo)plasmic reticulum Ca 2+ -ATPase (SERCA) pump (29) (30) (31) (32) , amplifies calcineurin signalling in muscle thereby increasing the number of type I fibres, augmenting average myofibre cross-sectional area (CSA) and ultimately improving muscle function and structure in atrophic/myopathic conditions (33, 34) . In addition, we have recently shown that SLN's activation of calcineurin is critical for the adaptive responses that occur within a functionally overloaded plantaris (34) . In the absence of SLN, functionally overloaded plantaris muscles fail to hypertrophy and transition towards the slow-oxidative phenotype as a result of impaired calcineurin signalling (34) . Thus, our recent work has uncovered an important role for SLN in regulating adaptive changes in fibre-type composition and size through its effects on calcineurin signalling, which could prove beneficial for muscular dystrophy. Interestingly, we and others have found SLN protein to be highly upregulated in skeletal muscles from mdx mice (Supplementary Material, Fig. S1 and 35) ; however, the physiological importance of this increase in SLN expression in the mdx model remains unknown. In the present study, we sought to determine the physiological role of SLN in mdx skeletal muscles by generating an mdx/Sln-null (mdx/Sln KO ) mouse line. Based on our previous findings demonstrating the importance of SLN in amplifying calcineurin signalling and muscle remodelling (33, 34) , we hypothesized that genetic deletion of Sln in mdx mice would result in blunted calcineurin signalling, reduced type I fibre counts, smaller myofibres and worsened dystrophic pathology.
Results

SLN deletion enhances SERCA's affinity for Ca 2+ in soleus and diaphragm muscles
Western blotting for SLN protein in mdx soleus and diaphragm muscles shows that Sln was successfully deleted from mdx mice (Fig. 1A) . Assessments of SERCA activity in soleus and diaphragm homogenates show that while Sln deletion did not improve maximal SERCA activity in either muscle (Fig. 1B) , it did improve SERCA's apparent affinity for Ca 2+ as indicated by a leftward shift in the activity curves and a significant increase in the Ca 2+ concentration required to elicit 1/2 Vmax (presented as the negative logarithm of Ca 2+ , pCa 50 ) pCa 50 in both muscles ( Fig. 1C-E) . Finally, western blot analyses did not reveal any significant differences in SERCA1a or SERCA2a protein expression between the mdx and mdx/Sln KO mice ( Fig. 1F and G).
Calcineurin signalling is blunted in muscles from mdx/Sln KO mice
Utrophin and stabilin-2 protein expressions are largely controlled by calcineurin signalling in muscle (13, 21) , and therefore, we used them as indicators of calcineurin activation. Our western blot analyses show that both utrophin and stabilin-2 expression were significantly lowered in soleus and diaphragm muscles from mdx/Sln KO mice compared with mdx ( Fig. 2A and B) .
Furthermore, we also found a significant reduction in calcineurin expression in muscles from mdx/Sln KO mice compared with mdx ( Fig. 2C ).
SLN deletion alters fibre-type composition and size in mdx mice
We next examined the effects of Sln deletion on fibre-type composition and CSA within the mdx mouse model using and diaphragm muscles (C-E) from mdx mice. Western blot analyses of SERCA1a (F) and SERCA2a (G) did not reveal any significant differences. For (C), * denotes a significant main effect when using a two-way ANOVA, P ≤ 0.05, n = 5−6 per group.
immunofluorescent microscopy ( Fig. 3A and B) . With respect to fibre size, we found that myofibre CSA was significantly reduced in the mdx/Sln KO soleus and diaphragm across all fibre types ( Fig. 3C and D) . With respect to fibre-type composition, both the soleus and diaphragm muscles underwent a slow-tofast fibre-type shift in the mdx/Sln KO mice compared with mdx.
Specifically, we saw a significant reduction in type I fibre counts in the mdx/Sln KO soleus (Fig. 3E) , whereas, in the diaphragm, we observed a significant reduction in type IIA fibres and a significant increase in type IIX in the mdx/Sln KO mice compared with mdx (Fig. 3F) . Corresponding with the slow-to-fast fibre-type shift, we also found a significant reduction in the mitochondrial protein cytochrome c oxidase subunit IV (COX IV) (Fig. 3G ) and a trending reduction in cytochrome c (Fig. 3H) (Fig. 4A ). In addition, haematoxylin and eosin (H&E) staining revealed greater variability in fibre size with a significant increase in the coefficient of variation of the minimal Feret's diameter, which is a strong indicator of dystrophic pathology (36) (Fig. 4B and C) . We also found a significant reduction in central nuclei counts (Fig. 4D ) and a trending increase in muscle degeneration across the soleus and diaphragm from mdx/Sln KO mice compared with mdx (Fig. 4E ). After examining cage activity patterns with comprehensive laboratory animal monitoring system (CLAMS; Oxymax series; Columbus Instruments, Columbus, OH, USA), we found that mdx/Sln KO mice were significantly less active compared with mdx mice (Fig. 4F ).
Discussion
In the present study, we examined the physiological significance of SLN in the mdx mouse model where SLN protein was previously found to be highly upregulated (Supplementary Material, Fig. S1 and 35 ). Based on our recent findings (33, 34) , we hypothesized that SLN would play a critical role in activating calcineurin and launching compensatory cellular signalling events that combat the dystrophic pathology in the mdx mouse. After generating the mdx/Sln KO mouse line we discovered that Sln deletion enhanced SERCA function, while impairing calcineurin signalling, leading to a slow-to-fast fibre-type shift, smaller myofibre CSA, worsened dystrophic pathology and reduced total cage activity. Reductions in utrophin, stabilin-2 and calcineurin expression are altogether indicative of lowered calcineurin signalling in the mdx/Sln KO muscles compared with mdx. Along with calcineurin expression, we chose utrophin and stabilin-2 as our markers of calcineurin signalling in muscle since the expression of these proteins in muscle are largely controlled by calcineurin (13, 21) . More importantly, these proteins are critical in combating dystrophic pathology, and therefore serve as functional measures of calcineurin signalling that could explain why dystrophic pathology was worsened in the mdx/Sln KO mice. Utrophin is a dystrophin homolog that is upregulated in the mdx mouse to provide compensatory membrane stability, and mice lacking both dystrophin and utrophin display far worse dystrophic pathology when compared with mdx mice (14, 16) . Thus, the lowered utrophin expression not only indicates blunted calcineurin signalling, but also likely contributes to the augmented myofibre breakdown revealed with elevated serum CK levels and muscle degeneration in the mdx/Sln KO mice. Stabilin-2 is a phosphatidylserine receptor that is important for myoblast fusion, and genetic deletion of stabilin-2 leads to smaller myofibre CSA and impaired muscle regeneration (21) . Therefore, our findings of lowered stabilin-2 expression are not only indicative of blunted calcineurin signalling, but could also explain the reductions in myofibre CSA and central nuclei counts, which mark muscle regeneration. Indeed, calcineurin signalling is critical for muscle regeneration (8, (17) (18) (19) (20) (21) and we have recently uncovered a role for SLN in mediating muscle regeneration after acute cardiotoxin injury (37) . The slow-to-fast fibre-type shift observed in the mdx/Sln KO muscles could also be viewed as another indicator of impaired calcineurin signalling since calcineurin plays a critical role in activating the slow-oxidative phenotype (13, 28, (38) (39) (40) (41) (42) (43) (44) . Correspondingly, we also found reduced COX IV and cytochrome c protein in the mdx/Sln KO muscles, which is consistent with calcineurin's effect of enhancing mitochondrial content and respiratory function (45, 46) . It has been shown that promoting the oxidative phenotype can ameliorate muscular dystrophy (47) and it is well known that fast glycolytic fibres are more prone to dystrophic pathology compared with the slow-oxidative fibres (11,12). While glycolytic fibres generate more force thereby rendering them more susceptible to muscle damage in dystrophic conditions (12) , it is also important to note that calcineurin signalling is much lower in these fibres compared with the slow-oxidative fibres (48) . Indeed, utrophin expression has been highly linked to the slow-oxidative phenotype (13) . Thus, our results also support the notion that faster fibres are more vulnerable to DMD or lack of dystrophin, as the slowto-fast fibre-type shift observed in the mdx/Sln KO muscles was associated with worsened dystrophic pathology and reduced cage activity. Since muscular dystrophy is characterized by extensive degeneration and regeneration cycles, an increase in fibre size variability serves as an accurate indicator of dystrophic pathology. Here, we show that mdx/Sln KO muscles have greater variation in the minimal Feret's diameter, which is a robust measure of myofibre size. In addition to this, we also found a trending increase in muscle degeneration with the percent of areas occupied by mononuclear cell and connective tissue infiltration (6 (20, 51) . We have recently published findings in other mouse models that support SLN's role in regulating adaptive changes in myofibre size through calcineurin signalling (33, 34) . In another mouse model of muscle myopathy, we found that SLN was highly upregulated in the soleus muscles, and genetic deletion of Sln worsened the myopathic phenotype leading to smaller myofibres, as a result of impaired calcineurin signalling and lowered stabilin-2 (33). We also observed similar findings in soleus muscles subjected to tenotomy, which represents a model of soleus unloading (34 connective tissue infiltration; E). Total cage activity using CLAMS revealed a significant reduction in total activity in mdx/Sln KO mice compared with mdx. For (A) and (F), * denotes significance using a Student's t-test comparing mdx versus mdx/Sln KO muscles, P ≤ 0.05; for (C-E), * denotes a significant main effect when using a two-way ANOVA, P ≤ 0.05. For CK and histological analyses, n = 3-4 per group; and for total activity, n = 8-13.
previous studies have shown that improving SERCA function via SERCA overexpression can mitigate muscular dystrophy by reducing cytosolic Ca 2+ overload and the ensuing muscle damage (56-58). We speculate that differences in the level of SERCA improvement could explain these discrepant results, as Sln deletion may not improve SERCA function to the extent of SERCA overexpression. Indeed, we only observed an improvement in SERCA's apparent affinity for Ca 2+ with no significant alterations in maximal activity, whereas SERCA1 overexpression was shown to enhance maximal SERCA activity 2-3-fold in mdx muscles (57) . Thus, our findings suggest that the subtle improvement in SERCA function observed with Sln deletion may not overcome the Ca 2+ overload in mdx muscles, but rather results in an exacerbated dystrophic phenotype by reducing calcineurin signalling. Similar findings were observed after overexpressing parvalbumin in the mdx soleus, where increasing the content of this calcium buffering protein worsened the dystrophic pathology by impairing calcineurin activation (10). While our study was under review, another study was published demonstrating that genetic deletion of Sln alleviated the dystrophic pathology and enhanced muscle function in the mdx/utrophin double knockout mouse (59) . We believe that these discrepant findings can be explained by the fact that muscles obtained from mdx/utrophin double knockout mice display greater SLN upregulation when compared with mdx mice (35) . Given that our findings show a critical role for SLN in mediating utrophin expression via calcineurin signalling in the mdx mouse, the greater SLN expression in the mdx/utrophin double knockout mouse likely represents a compensatory event attempting to increase utrophin protein. However, in the absence of the utrophin gene, the greater upregulation of SLN likely becomes a maladaptive response that further impairs SERCA function and Ca 2+ handling and thus contributing to the worsened dystrophic pathology in the mdx/utrophin double knockout mouse. Thus, our results show that when utrophin expression remains intact, as with mdx mice and DMD patients, SLN upregulation is an adaptive response to increase utrophin expression and combat muscular dystrophy.
To date, there is no cure for DMD, and therapeutic strategies are aimed towards improving quality of life while slowing disease trajectory, and the results presented here reveal SLN as a potential therapeutic target. In this respect, treatment of mdx mice with corticosteroids, which is one of the therapies currently being used in the management of DMD, has been shown to alleviate dystrophic myofibre pathology via calcineurin activation and increased utrophin expression (60) . Since corticosteroids also increase Sln expression (61), it stands to reason that the activation of calcineurin signalling in corticosteroid-treated skeletal muscle may be dependent on upregulation of SLN expression. Similarly, high-fat feeding has been shown to improve muscle function in mdx mice (62), and we and others have shown that high-fat feeding increases SLN expression by 3-5-fold (63, 64) . Thus, to further demonstrate SLN's therapeutic potential in the treatment of muscular dystrophy, we are currently investigating whether the benefits provided to mdx mice from corticosteroid treatment and high-fat feeding are mediated by SLN and its downstream effects on calcineurin signalling.
In our study we questioned whether the mdx soleus and diaphragm muscles would be affected differently with Sln deletion, and although we did not detect any significant interactions with our two-way analyses of variance (ANOVAs) we found that the average reduction in myofibre CSA was significantly greater in the mdx/Sln KO soleus compared with diaphragm (−48 ± 6% versus −17 ± 3%, P = 0.0004). Similarly, we found that the increase in fibre size variability (soleus, 1.28 ± 0.10-fold versus diaphragm, 1.11 ± 0.04-fold, P = 0.17) and the reduction in central nuclei (soleus, −15 ± 3% versus diaphragm, −7 ± 4%, P = 0.21) was greater in the soleus compared with diaphragm; however, neither were statistically significant. Taken together, these data suggest that Sln deletion may impact the soleus muscle more than the diaphragm. Although purely speculative, this could be due to the fact that the disease phenotype is more severe in the mdx diaphragm relative to the soleus. One limitation to our study is that we only assessed muscle pathology in mice at 3-6 months of age. This age was selected in order to bypass the initial necrosis and regeneration stage observed within the first 4 weeks of the mdx mouse (65, 66) . Thus, to fully comprehend the physiological role of SLN in the mdx mouse, future studies should examine the effects of Sln deletion in the mdx mouse across all ages, particularly in older mdx mice (20 months old) where the phenotype more closely resembles DMD pathology (67) . Nevertheless, our present results show the importance of SLN protein in combatting dystrophic pathology in young adult mdx mice.
In summary, our study demonstrates for the first time that upregulation of SLN in the mdx mouse represents an adaptive response set out to enhance calcineurin signalling. Altogether, our findings suggest that SLN could be a novel therapeutic target in the management of muscular dystrophy, while also adding further evidence in support of calcineurin's therapeutic potential for muscle disease. With SLN's critical role in combatting muscle pathology in mdx mice, we propose that further increasing SLN protein may alleviate the dystrophic pathology in mdx mice and perhaps in DMD patients, and this will be examined further with future studies. 
Materials and Methods
Animals
SERCA activity assay
SERCA activity was measured in muscle homogenates over Ca 2+ concentrations ranging from pCa 7.2 to 5.4 in the presence of the Ca 2+ ionophore A23187 (C7522, Sigma Aldrich, St. Louis, MO, USA) using a Ca 2+ -dependent, enzyme-linked spectrophotometric plate reader assay that has been described previously (69) . Maximal SERCA activity was taken from the raw data, whereas SERCA's apparent affinity for Ca 2+ was measured with the pCa 50 .
The pCa 50 is the negative logarithm of the [Ca 2+ ] required to elicit half-maximal SERCA activity and was obtained from SERCA activity-pCa curves. The SERCA activity-pCa curves were generated with GraphPad Prism TM (Graphpad Software, La Jolla, CA, USA) by non-linear regression curve fitting, using an equation for a general cooperative model for substrate activation.
Western blotting
Western blotting was performed to determine expression levels of SLN, SERCA1a, SERCA2a, utrophin, calcineurin, stabilin-2, COX IV and cytochrome c in soleus and diaphragm muscles. The primary antibody directed against SLN was generated by Lampire Biological Laboratories (Everett, PA, USA) (70) . The SERCA1a antibody (A52) was a kind gift from Dr David MacLennan (University of Toronto), whereas the SERCA2a antibody (MA3-919) was purchased from ThermoFisher Scientific (Waltham, MA, USA). The utrophin (610896) antibody was purchased from BD Biosciences (Franklin Lakes, NJ, USA), and the primary antibodies for calcineurin and stabilin-2 were obtained from Milliopore (Burlington, MA, USA) (07-1491) and Biorbyt (orb158499), respectively. Both primary antibodies for COX IV (sc-69630) and cytochrome c (sc-13156) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Quantitation of optical densities was performed using GeneTools (Syngene, Frederick, MD, USA) and values were normalized to total protein after ponceau staining.
Histochemical and immunofluorescent staining
Soleus and diaphragm muscles embedded in O.C.T. compound were cut into 10 μm thick cryosections with a cryostat (Thermo Fisher Scientific) maintained at −20 • C. H&E staining was performed and images were acquired with a brightfield Nikon (Melville, NY, USA) microscope linked to a PixeLink digital camera (Navitar, Rochester, NY, USA). ImageJ software was used to examine central nuclei, muscle degeneration (percent of area occupied by mononuclear and connective tissue infiltration (6)) and the minimal Feret's diameter, which is the minimum distance of parallel tangents at opposing borders of the muscle fibre (36) . Immunofluorescence analysis of MHC expression was performed as previously described (71) with primary antibodies against MHCI, MHCIIa and MHCIIb to assess fibre-type distribution. Slides were visualized with an Axio Observer Z1 fluorescent microscope equipped with standard red, green, blue filters, an AxioCam HRm camera and AxioVision software (Carl Zeiss, Jena, Germany). Quantification of fibre distribution and CSA was performed using ImageJ (National Institutes of Health, Bethesda, MD, USA) software.
Serum CK analysis
Mice were anaesthetized using somnotol (0.65 mg/kg body weight) and blood from the left ventricle was drawn into a syringe. Blood was centrifuged at 5000g for 8 min and the serum was decanted and stored at −80
• C until analysis. CK activity was measured using a kinetic fluorometric assay as previously described (72) .
Cage activity
Daily cage activity was measured using CLAMS as previously described (50) . This system is equipped with X-and Z-axes infrared photocell detectors that allow monitoring total cage activity. Mice were placed in the CLAMS for a 3 day period for three separate trials and had free access to food and water.
Statistics
All values are presented as standard error of the mean. Comparisons between mdx and mdx/Sln KO mice were performed using either a Student's t-test or two-way ANOVA. Since, dystrophic pathology differs across soleus and diaphragm muscles from mdx mice with the diaphragm presenting with a more severe phenotype, we also examined the potential interaction effect between genotype and muscle type with a two-way ANOVA. Statistical significance was set to P ≤ 0.05.
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